To investigate the characteristics of motor, sensory and sensory-evoked potentials (SEPs) of thoracic and lumbar roots, and demonstrate the feasibility of assessing axonal regrowth after the neurotization procedure in a sheep model. Six adult sheep were anaesthetized and placed in a sternal position. The thoracic and lumbar roots from T11 to L5 were identified at their emergence from the vertebral foramen and stimulated. Motor and sensory responses were monitored. Thoracic and lumbar roots were easily identified in all cases. Motor potentials were detected for each stimulated nerve without difficulty. The amplitudes were quite variable, ranging from 100 to 5300 mV. Sensory and SEPs were satisfactorily recorded in only three of the six animals. Sensory amplitudes also varied greatly, ranging from 25 to 120 mV. In three cases, SEPs could not be identified due to motor artefacts. The motor pathway after axonal regrowth in neurotized lumbar roots might easily be explored by proximal electric stimulation of the root, close to the sutured area. Detection of sensory and spinal cord evoked potentials might be improved by the use of curve summation techniques. Specific axonal tracing holds promise of being a useful technique for examining sensory and motor pathway recovery after neurotization in the sheep model.
Summary
To investigate the characteristics of motor, sensory and sensory-evoked potentials (SEPs) of thoracic and lumbar roots, and demonstrate the feasibility of assessing axonal regrowth after the neurotization procedure in a sheep model. Six adult sheep were anaesthetized and placed in a sternal position. The thoracic and lumbar roots from T11 to L5 were identified at their emergence from the vertebral foramen and stimulated. Motor and sensory responses were monitored. Thoracic and lumbar roots were easily identified in all cases. Motor potentials were detected for each stimulated nerve without difficulty. The amplitudes were quite variable, ranging from 100 to 5300 mV. Sensory and SEPs were satisfactorily recorded in only three of the six animals. Sensory amplitudes also varied greatly, ranging from 25 to 120 mV. In three cases, SEPs could not be identified due to motor artefacts. The motor pathway after axonal regrowth in neurotized lumbar roots might easily be explored by proximal electric stimulation of the root, close to the sutured area. Detection of sensory and spinal cord evoked potentials might be improved by the use of curve summation techniques. Specific axonal tracing holds promise of being a useful technique for examining sensory and motor pathway recovery after neurotization in the sheep model.
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Regeneration and functional recovery after spinal cord transection do not occur postnatally in mammalian animals and humans (Meuli-Simmen et al. 1996) . Due to anatomical similarities to humans, the sheep spine may be a useful model for experiments related to bony or neurological structures of the thoracic and lumbar spine. The goal of this preliminary study was to test the feasibility of electrophysiologically monitoring lumbar roots in a sheep model. Neurotization of lumbar roots with lower intercostal nerves is a potential way of treating neurological deficits after spinal cord injury (Zhao et al. 1997 , Lang et al. 2004 , Livshits et al. 2004 , Court et al. 2005 , Vialle et al. 2005 . We devised an experiment to examine the feasibility of neurotization of three lumbar roots using lower intercostal nerves after hemisection of the sheep spinal cord. We investigate the characteristics of motor, sensory and sensory-evoked potentials (SEPs) of thoracic and lumbar roots and try to demonstrate the ability to assess axonal regrowth after the neurotization procedure. This report was restricted to recording potentials in physiologically intact animals as a prelude to conducting the same measurements in a lesioned model.
Materials and methods
Technique Experiments were conducted on six Prealpes du Sud male adult sheep aged from 12 to 14 months. They were free from ecto-and endoparasites, Mycoplasma pulmonis and Pasteurella (P. multocida and P. pneumotropica). Animals were supplied by van in individual cages and acclimatized for one week in the Department of Animal Surgery at the Ecole de chirurgie de l'Assistance Publique des Hô pitaux de Paris. Animals were housed during the experiment in individual galvanized wire cages (80 Â 120 Â 160 cm). The room was equipped with locks and fluorescent lighting (300 Lux at 1 m above floor) and was temperature and humidity regulated (24721C; 55710%). Animals had unrestricted access to food (forage and grass) and untreated drinking water.
The Scientific Committee on Animal Research at the Ecole de Chirurgie de l'Assistance Publique des Hô pitaux de Paris approved the study. These animals were not used in any other experimental protocol and were terminally anaesthetized.
Positioning and anaesthesia
The animals were placed in a sternal position. General anaesthesia was induced with thiopental (bolus of 1.0 g/sheep) and maintained with halothane (1-2%) in a mixture of nitrous oxide (0.5-1 L/min) and oxygen (1.5 L/min). Each animal underwent positive pressure ventilation. The rate and end tidal pressure were adjusted to maintain an end tidal pCO 2 of 4072 mmHg.
Surgical procedure
A 25 cm midline incision was made posteriorly over the spinous processes of T10-L5. The paravertebral muscles were detached to expose the posterior arch of each vertebra. The thoracic and lumbar roots from T11 to L5 were identified at their emergence from the vertebral foramen close to the lateral aspect of the vertebral isthmus ( Figure 1 ).
Electrophysiological technique
Motor and sensory potentials were monitored with a Neurosign s 400 stimulator (The Magstim Company Ltd, Whitland, UK). Thoracic and lumbar roots 
Root Motor-evoked potential Amplitude (mV) Figure 1 Graphic representation of motor response peak-to-peak amplitudes from T11 to L4 were stimulated with a bipolar electrode. Disposable concentric needle electrodes (Medelec 22584, Oxford Instruments Medical, Saclay, France) were used to record responses. The cathode was referenced to a second electrode placed on the right upper limb. The stimulator and animal were grounded with a dispersive electrode.
To localize the motor point of each ventral root, motor responses were recorded by needle electrodes placed along the muscles of the abdominal wall and the lower limbs. The stimulus intensity was increased until a maximal motor response was obtained.
Sensory responses were elicited by stimulating thoracic and lumbar roots with the bipolar electrode. Sensory mapping was assessed by placing recording needle electrodes along the animal's chest, abdominal wall and lower limb. The stimulus intensity was increased until a maximal sensory response was obtained.
The spinal cord SEPs were produced by stimulating the thoracic and lumbar roots and recording the potentials with a needle electrode placed proximally in the epidural space at the T9-10 level. For each nerve, the intensity of stimulation was gradually increased until a stable and well-defined trace was obtained.
Details of the stimulation parameters are reported in Table 1 .
Results
Thoracic and lumbar roots were easily identified in all cases. The surgical procedure was uneventful but required attention to haemostasis to avoid perioperative bleeding from vertebral foramen vessels. Motor potentials were detected without difficulty for each stimulated nerve. The amplitude values varied considerably, ranging from 100 to 5300 mV. The mean latencies of the motor potentials at all vertebral levels were not significantly different. Details of the motor potential amplitudes are reported in Table 2 . There was a trend for T13 motor amplitudes to be lower than other levels.
Sensory potentials and SEPs were satisfactorily recorded in only three of the six animals. The amplitudes again varied greatly, ranging from 25 to 120 mV. In three cases, SEPs were impossible to identify due to motor artefacts. Although spinal cord potentials were detected in three of the six animals after stimulation of the thoracic and lumbar roots, it was not feasible to measure their amplitudes due to background noise.
Discussion
Magnetic cortical stimulation has been used in human studies to explore the corticospinal tract. Recent studies suggest that paravertebral motor potentials provide better evaluation of the electrophysiological nature of the descending motor tracts if the motor potentials from the lower limb muscles were Laboratory Animals (2006) 40 Motor and sensory potentials in a sheep model 471 compared with the paravertebral muscle values (Ertekin et al. 1998) . However, the technique we used was not able to prove continuity between the peripheral nerve and the motoneuron. In this study, an electrophysiological investigation was conducted to assess nerve tract continuity from the central nervous system (the spinal cord) to the muscular or sensory effectors. Many anaesthetic agents have been used, including enflurane, halothane, neuroleptics, nitrous oxide and propofol, all of which have significant effects on motor or sensory potentials (Zentner & Ebner 1989 , Kalkman et al. 1992 , Zentner et al. 1992 , Deletis et al. 1993 . In human surgery, neuromuscular relaxation is often required because it facilitates the retraction of paraspinal muscles and surgical manipulation of the spine. In addition, when N 2 Osufentanil is used, relaxation prevents patients from moving during sensitive procedures. However, because muscle relaxants have been noted to depress the amplitude of motor-evoked potential, some authors have recommended intravenous anaesthesia using propofol or sufentanil (Edmonds et al. 1989 , Jellinek et al. 1991 , Adams et al. 1993 . We used halothane and nitrous oxide to maintain anaesthesia because of prior experience with this technique in our institution.
Motor potentials were easily obtained, which demonstrates the ability to assess descending motor tracts from the thoracic and lumbar roots to the muscle (Falempin & Rousseau 1983 , Hems & Glasby 1992 , Hems et al. 1994 . Unfortunately, SEPs and sensory potentials were difficult to detect in three out of the six cases. We recognize that the small number of animals used makes a detailed interpretation of the sensory potential results impossible. Our inability to distinguish sensory responses from background noise was likely due to the operating room environment. It was technically impossible to perform signal averaging due to the stimulator software. Signal averaging and artefact rejection techniques are necessary to obtain welldefined detection curves for spinal cord potentials. We do not believe that SEPs can be useful without these techniques. However, the SEPs recorded in three sheep demonstrate continuity of the ascending sensory tracts from the skin to the thoracic or lumbar roots near the spinal canal. Because of the poor quality of spinal cord sensory potential detection curves, the continuity between the sensory and motor axons and the central nervous system remains unexplored.
Because of the utility and scientific fidelity of the ovine model, we decided to use it in the current protocol. As suggested in previous papers using rats models, motor potentials are easy to detect and suggest the existence of a functional descending pathway (Liu et al. 2001 , 2003 , Dam-Hieu et al. 2002 . To determine the pathways involved in functional recovery, tract-tracing studies are necessary with anterograde or retrograde tracers such as fluoro-dextrans or horseradish peroxidase (HRP) (Dam-Hieu et al. 2001 , Lozeron et al. 2004 .
In conclusion, motor-evoked potentials were detected for each lumbar root in this model. The motor pathway after axonal regrowth in neurotized lumbar roots might easily be examined by electrical stimulation of the neurotized root proximal to the sutured area. Detection of sensory and spinal cord evoked potentials might be improved by the use of curve summation techniques. Specific axonal tracing holds promise of being a useful technique for examining sensory and motor pathway recovery after neurotization in this sheep model. Further studies using this technique are currently being conducted at our institution. These studies will assess the ability to perform multiple lumbar roots neurotization using lower intercostal nerves. The functional and electrophysiological results of these procedures will require further exploration. 
